Abstract. We studied the effects of Svalbard reindeer on the abundance of lichens in Spitsbergen. A survey was carried out in 14 areas with contrasting reindeer densities. Separate cover estimates for crustose, fructose and foliose lichens were taken in each area, and related to the density of reindeer pellet groups, a measure of reindeer density. Dominant macrolichen families were identified in 10 areas, and a full record of macrolichen species was taken in four additional areas. Variation in reindeer density is partially due to past overhunting, and subsequent incomplete recovery, releasing some areas from reindeer grazing for 100-200 yr.
Introduction
Members of the genus Rangifer (reindeer and caribou) are dependent on lichens throughout most of their range (Gaare & Skogland 1975; Holleman et al. 1979 ; Thomas & Hervieux 1986; Danell et al. 1994; Kojola et al. 1998) . Lichens are believed to be particularly sensitive to reindeer and caribou as they suffer from both trampling and selective grazing (Pegau 1969; Wielgolaski 1975) . This explains the strong impact of these northern herbivores on lichen-dominated systems. For example, the abundance of lichens in the vegetation has been reduced dramatically throughout Fennoscandia, where subsidiary winter feeding allowed reindeer to reach very high densities (Väre et al. 1995; Kumpula et al. 2000) . Similarly, unmanaged populations of caribou had a substantial negative effect on the abundance of macrolichens (Thing 1984; Henry & Gunn 1991; Manseau et al. 1996; Arseneault et al. 1997) , with particularly dramatic decline reported on islands in the Canadian Arctic where caribou have been introduced (Klein 1987; Ouellet et al. 1993) .
In contrast, Svalbard reindeer Rangifer tarandus platyrhynchus appear largely independent of lichens and mostly live on mosses and vascular plants instead (Staaland & Punsvik 1980; Staaland et al. 1983; Staaland 1986; van der Wal et al. 2000) . It is unknown when reindeer occupied the high Arctic islands of Svalbard, but palynological evidence indicates that reindeer have been resident for at least 5000 yr (van der Knaap 1989). The limited dependence on lichens as food by Svalbard reindeer suggests that thousands of years of reindeer grazing in this extreme and isolated archipelago obliterated macrolichens, forcing Svalbard reindeer to utilize alternative food sources.
We investigated the hypothesis that Svalbard reindeer caused suppression of lichens by measuring lichen cover in 14 areas with contrasting reindeer densities throughout Spitsbergen, the largest island in the Svalbard archipelago. Dominant macrolichen families were identified in 10 areas, and a full record of macrolichen species was Tungasletta-2, N-7485 Trondheim, Norway; * Corresponding author; Fax +411330823303; E-mail rvdw@ceh.ac.uk taken in an additional four areas. Separate cover estimates of crustose, fructose and foliose lichens were taken in all 14 areas, and related to the local density of reindeer. Variation in reindeer density between areas is largely due to historical factors, as man largely eradicated reindeer in most coastal areas during the 19th century (Wollebaek 1926) . Reindeer were protected from 1925, but because of poor accessibility, reindeer did not recolonize the whole of Spitsbergen, which created areas characterised by very low reindeer numbers for 100 or more years (Tyler 1987) .
Material and Methods
Data on lichen cover were collected as part of an integrated study on the impact of Svalbard reindeer on high arctic vegetation, which will be published elsewhere. Between 17 July and 24 August 2000, 14 sites across central and northern Spitsbergen were visited (Fig. 1 ). Sites were selected on the basis of all available information on reindeer numbers in the archipelago, with the aim of surveying areas with widely differing reindeer densities. At each site, a grid of on average 486 ± 311 m (SD) by 100 m-125 m wide, was set out running from the bottom of a valley up the valley side until plant cover became very patchy. All 10 sites in the Isfjorden and Van Mijenfjorden area (areas 1-10; see Fig. 1 ) had a grid consisting of 10 × 6 = 60 plots except for Kapp Linné with only 50 plots. Four additional sites had lower numbers of plots (18-40 per site; see Fig. 1 ) due to time and logistic constraints.
In each plot (1 m × 1 m), a visual estimate of total moss and lichen cover, and separate estimates of crustforming (largely crustose), foliose and bush-forming (fruticose) lichen cover were taken by agreeing cover estimates between two recorders to minimize variation between plots. Samples of the 2-4 dominant macrolichens were collected at sites 1-10. Due to time constraints, we were not able to record the abundance of each lichen species in all survey plot. At sites 11-14, samples of all species of macrolichens within a plot were collected and keyed out under a stereo microscope. No attempt was made to speciate members of Stereocaulon. The few samples for which no positive identification could be made were cross-checked by Eric Steen Hansen (Botanical Museum, University of Copenhagen). Species were classified as either fruticose or foliose lichens following Thomson (1984) . As we recorded lichens in 10 out of the 14 sites only as either fruticose, foliose or crustose rather than as species, we are unable to recategorize them. Although this may cause some restrictions upon direct comparison to other lichen surveys, this catagorization is unlikely to substantially alter our conclusions concerning the impact of grazing on lichen abundance in the high Arctic.
Since there are very few recent estimates of reindeer density across Spitsbergen, we used pellet group density as an index of reindeer abundance. This method is commonly used for comparing deer densities between areas (Neff 1968; Putman 1984) . All reindeer pellet groups along the full length of the transect within a 2-m wide band were counted. Data were expressed as number of pellet groups per km transect length. Pellets remain visible for many years since their decomposition is very slow. The pellet group counts therefore represent an indication of reindeer density over the last one to two decades.
Cover of lichens was analysed in relation to reindeer pellet group density, latitude and total moss cover, using the PROC GENMOD procedure in SAS version 6.12, employing a log link function and assuming overdispersed Poisson (crustose and foliose lichens) or gamma distribution (fruticose lichens). To avoid pseudo-replication, analyses were run on the average lichen cover for each of the morphological catagories per site. 
Results
The cover of fruticose lichens across sites was strongly negatively related to the number of reindeer pellet groups (F 1,12 = 10.97, p < 0.01; Fig. 2) , with no significant (p = 0.94) effect of latitude. Average cover of fruticose lichens dropped from 9.4% at low reindeer density to 0.1% at high density. Although visual cover estimates of fruticose lichens for individual plots reached up to 95% in areas with low reindeer density, a maximum of only 1% cover was recorded at the highest reindeer density.
No relationship between crustose lichen cover and reindeer pellet group density was found (F 1,12 = 0.33, p = 0.33). Additional analysis revealed that average cover of this group of lichens across sites significantly increased with latitude (F 1,12 = 10.98, p < 0.01; Fig. 3 ).
Average cover of foliose lichens across sites was not significantly related to reindeer pellet group density (F 1,12 = 2.52, p > 0.13). However, cover of foliose lichens was positively related to total moss cover (F 1,12 = 7.69, p < 0.02; Fig. 4 ) with no significant contributions of either reindeer pellet group density (p = 0.49) or latitude (p = 0.87) as explanatory variables.
Prevalence of different dominant groups of macrolichens across 10 survey sites indicated different levels of sensitivity to reindeer density (Table 1) . Stereocaulon spp. appeared insensitive to grazing, as they were found among the two to four most dominant lichens in nine out of 10 areas. Cetraria spp. and, to a lesser extent also Cladonia spp. dominated the macrolichen flora only in areas of low reindeer density. The foliose Peltigera spp. in contrast were among the dominant macrolichens in areas with intermediate to high densities of reindeer.
Comparison of species specific cover estimates of lichens in four areas with contrasting reindeer densities revealed a similar picture ( Table 2 ). The fruticose lichens Cetraria delisei, C. islandica, Cladonia arbuscula, C. rangiferina, Arctocetraria andrejevii and Sphaerophorus globosus only reached high densities on Prins Karls Forland, where reindeer densities were low. The cover of Stereocaulon spp. appeared unrelated to reindeer density. A suite of foliose lichens was found at Gråhuken and Danskøya, mainly Peltigera spp. and Umbilicaria spp. These species were largely absent from both North and South Prins Karls Forland, areas with low grazing pressure, which could indicate a dependence of these species on reindeer grazing. Table 2 . Average cover estimates (% ground cover) of individual species of macro lichens for four areas of increasing (left to right) reindeer density, measured as reindeer pellet group density. Cover estimates were averaged over plot recordings in which a particular species occurred. Species in bold had an average cover > 1%. Species were classified as either fruticose or foliose lichens following Thomson (1984) .
Prins Karls
Prins Karls Gråhuken Danskøya Forland-South Forland-North Site number on map (Fig. 1 
Discussion
Current patterns of lichen abundance on Spitsbergen are most likely a reflection of historical events and differential response of lichens to reindeer grazing. Historical records from the 17th-19th century, after Willem Barentz (re)discovered Spitsbergen in 1596, indicate that reindeer were widespread throughout the archipelago, and abundant in several places (Wollebaek 1926) . Reindeer were hunted throughout the centuries, but from about 1860 onwards, hunting intensity increased dramatically. Modern weapons changed the character of hunting from primarily a subsistence activity, to both a commercial enterprise and a sport (Tyler 1987) . Svalbard reindeer were hunted to extinction in most coastal areas, and eventually the species was protected in 1925 to prevent further decline (Wollebaek 1926; Tyler 1987) . Recolonization has taken place since, but due to the presence of glaciers this has proved to be a slow process in some parts of Spitsbergen. Lichen growth on Svalbard is also extremely slow (Cooper & Wookey subm.), but in those areas where reindeer grazing pressure has been low for a period of 100-200 yr, fruticose lichens have expanded ion such a way that they form a major vegetation component today. These areas generally appear to be good grazing grounds, and the presence of moss-and lichen-covered antlers indicate former use. We expect that reindeer densities in these areas will eventually increase and transform the vegetation.
Further support for this hypothesis comes from the destruction of fruticose lichens by Svalbard reindeer on Brøggerhalvøya (Ny-Ålesund area), where 15 animals were introduced in 1978, and a sizeable population quickly developed (Aanes et al. 2000) . Lichen cover was greatly reduced between 1980 and 1989, and the proportion of mosses in the reindeer diet increased (Staaland et al. 1993) . Ongoing research demonstrates that this trend continued and has resulted in a generally depauperate vegetation devoid of macrolichens (Cooper & Wookey subm.) . Similarly, we found that continued presence of reindeer on Danskøya (Sysselmannen unpubl.), led to overgrazing and associated soil erosion, with macrolichens only successfully growing when protected from grazing by boulders. Effectively, the patterns observed resemble those on Canadian arctic islands, where introductions of reindeer resulted in overgrazing of the vegetation (Klein 1987; Ouellet et al. 1993) . In particular the continued presence of a nonmigratory population of Svalbard reindeer (Tyler & Øritsland 1989 ) prevents the recovery of grazed vegetation. Currently, Svalbard reindeer are still expanding their range, partly due to migration from their core areas, and partly due to overflow from the introduced population on Brøggerhalvøya (Tyler 1987; Hindrum et al. 1995; J.O. Scheie pers. comm.) . There is little doubt that this will eventually lead to a sizeable reduction in fruticose lichens throughout Svalbard. The impact of Svalbard reindeer on fruticose lichens is therefore comparable to other members of the Rangifer genus all around the northern hemisphere. The low abundance of lichens in the diet of Svalbard reindeer compared to other Rangifer members, therefore, is not likely to reflect a difference in food selection, but a consequence of the depletion of fruticose lichens in the high Arctic systems under study, and a subsequent switch to alternative foods.
In areas where reindeer density was high and consequently the coverage of fruticose lichens typically low, Stereocaulon spp. seemed to be least affected by grazing, as has been found in other systems (Thing 1984) . This might be due to reindeer largely avoiding these lichen species due to their low nutritional value (Côté 1998; Svihus & Holand 2000) , or possibly to the observation that a moderate level of trampling might be an effective way of distributing propagules. Similarly, the abundance of crustose and foliose lichens appear unrelated to grazing impact. Crustose lichens appear well adapted to high arctic conditions, as their coverage increased with latitude. Foliose lichens were more abundant at places with high moss cover. The moss layer is likely to buffer swings in surface moisture content and therefore foliose lichens might benefit from the association with mosses during periods of drought (Gold & Bliss 1995) .
We conclude that the impact of Svalbard reindeer on lichens is dependent on growth form, with fruticose lichens suffering from grazing, whereas foliose lichens might indirectly benefit from higher densities of reindeer or, like crustose lichens, be controlled by other factors.
